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INTRODUCTION

The Department of Defense’s investment in directed energy weapons research has
led to exceptional advances in both high tech lasers and high power microwave (HPM)
devices.  For HPM systems, next-generation devices will require higher output powers
from smaller and lighter packages.  Since the output power available from an HPM
device is directly proportional to the input power of the driving electron beam, one must
increase either the beam voltage or current to increase the microwave power.  Increasing
the beam voltage deleteriously increases the size and weight of the total HPM system in
several ways, e.g., increased power supply volume and weight, a required increase in
interface and voltage standoff dimensions, and the increased interaction length necessary
for a more relativistic electron beam.  Thus, in an effort to increase the total current in the
electron beam as opposed to increasing the beam voltage, much research into the cathode
emission process has been performed over the past twenty years.1-3  There are a number
of specific areas for improvements in cathode technology that will do much to advance
the state-of-the-art in HPM generation: emission current density, beam quality,
efficiency, fabrication cost, operability in a hostile environment, lifetime, plasma
generation, and voltage threshold for emission.  The purpose of the Threshold Cathode
Test Facility (TCTF) research program is to investigate the electron emission properties
of various cathode materials under the HPM-relevant conditions of high electric field
stress in a high vacuum environment.  Over the course of the present R&D effort, TCTF
was designed, built, and tested at the Air Force Research Laboratory (AFRL), Directed
Energy Directorate at Kirtland AFB, NM.  In addition, simulations were performed that
shed new light on the performance of space charge-limited cathodes in realistic
geometries.

MOTIVATION

Explosive emission cathodes are the most popular choice for providing the multi-
kiloampere beam currents required in today’s HPM sources.1-3  Nevertheless, the
complete physics of the explosive emission process is far from fully characterized.  While
it has been experimentally observed that anode/cathode materials, anode/cathode
temperatures, background vacuums, and cathode coatings (such as cesium iodide) all
have dramatic influence on explosive emission operation,4-8 it is still not possible to
quantitatively predict from first principles each effect so that diode design and simulation
can progress independent of experimental verification.  In pursuit of a robust,
reproducible, vacuum-compatible, long-lived cathode for use in HPM devices, the
Threshold Cathode Test Facility is designed to investigate many basic physics issues
underlying a variety of explosive emission cathodes in several different operating
environments.  The ultimate goal is to attain not only the desired cathode properties but
also the ability to predict and simulate how changes in the diode environment will affect
these properties.
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Figure 2.  TCTF vacuum system (left) and pulsed power tank (right) as assembled at the Air Force
Research Laboratory, Directed Energy Directorate at Kirtland AFB, NM.

EXPERIMENTAL ASSEMBLY

As constructed during performance of this R&D effort, the Threshold Cathode
Test Facility consists of an ultra-high vacuum system (stainless steel vacuum vessel,
pumps, valves, gauges, etc.), a pulsed power system for applying a high voltage, short
duration impulse to the cathode (mounted inside the vacuum system), and a variety of
diagnostics and support equipment.  The exterior of the vacuum system and the interior
of the pulsed power tank are shown in Fig. 1.

The TCTF vacuum chamber has a stainless steel 30 cm diameter spherical body
with six copper gasket-seal flanges; the total system volume is approximately 47 liters.
All main peripheral seals are also copper gaskets except for an elastomer-sealed access
door and elastomer seals in two gates valves used for pump/chamber isolation.  The turbo
pump used is backed by a completely oil-free scroll pump and is supplemented by a large
ion pump; the turbo system is used during roughing and during gas flow experiments,
while the ion pump is used to achieve ultimate base pressure.  Vacuum pressures are
measured both at the turbo pump and at the test chamber by convection gauges
(atmospheric to a few mT) and by cold cathode inverted magnetron gauges (a few mT
down to UHV).  A UHV-compatible 600 W quartz heating lamp is mounted internally so
that it can effectively bake/outgas the majority of the internal surface area.  When the
chamber must be let up to atmosphere, the lamp is kept on at a reduced level in order to
discourage water adsorption.  Using this scheme, the chamber can be pumped from
atmospheric pressure into the 10-7 T scale in approximately twenty minutes.  A base
pressure in the low 10-7 T scale is reached within a few hours, while the high 10-8 T scale
is accessed after heating overnight with the quartz lamp.  Bake temperature must be kept
below 150° C due to various electrical components mounted on the chamber.  Post bake-
out pressures are in the mid 10-9 T scale.
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The vacuum system is also equipped with an extremely fine-control leak valve so
that small amounts of gas (e.g. air, nitrogen, argon, etc.) may be flowed through the
chamber.  Such fine control will allow for the examination of cathode performance versus
background pressure with the background pressure controlled to within 1 x 10-8 T.
A residual gas analyzer (RGA) mounted near the main chamber gives quantitative
information on background gas constituents and their partial pressures.  With the RGA’s
electron multiplier functioning, partial pressures can be detected down to the 10-12 T scale
for any gas species up to two hundred atomic mass units.  Thus, even minor amounts of
contaminants can be detected against a large background of nitrogen, hydrogen, and/or
water vapor.  A typical RGA spectrum is given in Fig. 2 to illustrate the background
gases present at a base pressure of 8 x 10-8 T.  Such a tool is invaluable when determining
the quantities and identities of gas species produced by explosive emission from various
cathodes and will also help monitor the purity of introduced gases during pressure versus
cathode performance tests.

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
-101.0x10

-91.0x10

-81.0x10

-71.0x10

Atomic Mass Units

Torr RGA Analog Scan

Figure 3.  Typical residual gas analysis (RGA) spectrum at a chamber pressure of 8 x 10-8 T.
Background gas consists mainly of nitrogen (28 and 14 AMU), hydrogen (2), oxygen (32, 16), water
(18, 17), carbon dioxide (44), and argon (40).

The present vacuum system provides an extremely fine control over the cathode
testing environment.  The mid 10-6 T scale corresponds to a monolayer formation time of
just a single second, so many previous cathode experiments were most likely dominated
by the adsorbants on cathode surfaces rather than by the cathodes.  Every order of
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magnitude improvement in pressure increases the monolayer formation time by an order
of magnitude as well; thus, in the 10-8 T scale, even with a single-shot pulsed power
system, one may fire shots often enough to prevent electrode surface monolayer
formation.  The small total volume of the vacuum system makes electrode outgassing
effects that much more significant.  For additional sensitivity, the pumps may be valved-
off from the chamber altogether so that all gases generated in an emission pulse are
trapped within the system and may be detected by the RGA.  The addition of the
precision leak valve and RGA allows the user to not only modify the vacuum
environment but also completely characterize it.

The pulsed power system is a 200 kV, 2.2 kJ Marx bank for energizing the
vacuum diode.  The modulator is designed to be generally operated in single shot mode,
but is capable of ~ 0.5 Hz repetition rate bursts for up to 1 minute (limited by excessive
heating of the crowbar circuit resistor).  The output of the Marx is adjustable from –50
kV to up to –200 kV.  Pulse duration is also adjustable from ~200 ns to ~2 µs via a
triggered crowbar circuit.  The pulse is delivered to the cathode via ~2 m of RG-220
coaxial cable.  The high voltage vacuum interface is a custom vacuum envelope
consisting of a pair of 10” diameter Conflat flanges on either end of an alumina ceramic
insulating cylinder (8” dia. x 7.5” tall).  The exterior of the interface is enveloped in a
bladder filled with SF6 in order to prevent arcing along the outside of the ceramic.  The
adjustable voltage magnitude and anode-cathode gap separation allows for TCTF testing
at applied electric fields between 50 - 275 kV/cm for drawn current densities between 40
- 400 A/cm2.  Sample voltage and current waveforms from initial tests of a CsI-coated
carbon tufted-fiber cathode are shown in Fig. 3.  Further details on the vacuum system,
pulsed power, and design of the cathode/anode geometry can be found in Ref. 9.
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Varying V at 10-4 Torr

~0.45 cm/µsec
gap closure

Figure 4.  Voltage (left) and current (right) waveforms for various applied voltages.  Cathode is made
of cesium iodide-coated carbon fiber tufts.

SPACE CHARGE-LIMITED FLOW SIMULATIONS

In addition to the experimental work performed on this task, analytic and
computational tools were also employed to examine space charge-limited flow in
geometries applicable to explosive emission cathodes.  A series of studies were
performed which extended our fundamental understanding of electron emission limits
beyond previously described one-dimensional systems.  This description of two-
dimensional emission effects improves both our prediction accuracy as well as our
understanding of cathode physics.  While these efforts have been focused primarily on
basic R&D, spin-offs of this work have already shown themselves in confirmation of
these 2-D effects from in-house experimental cathode tests as well as from actual HPM
device results.  Specifically, these 2-D simulations predict that identical total currents can
be drawn from cathodes of the same bulk area even though they may vary significantly in
micro-geometry; such an effect was confirmed through in-house experiments10-13 that
used a variety of cathode materials and micro-geometries yet observed the same total
current in each case.  In addition, this work has shown that extremely small changes in
local electric field near the cathode edge can drastically alter the current density being
drawn from that edge; one such example is the “field-shaper” cathode that helped
moderate high current-density flares inside AFRL’s Magnetically Insulated Line
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Oscillator (MILO) HPM device14-15 thereby resulting in improvements of pulse duration
as well as reproducibility.  Both of these results are encouraging in light of the need to
reduce the neutral gas production of these cathodes:  1) The amount of cathode gas
production can be reduced significantly by reducing the active micro-geometry area of a
cathode without resulting in a reduction in the total supplied current.  2) The additional
gas loading that is produced from interception of high current density flares can also be
mitigated by implementing very small geometry changes near the edges of cathodes in
existing HPM devices.  It is precisely results such as these that allow for increasing the
available repetition rate of state-of-the-art HPM sources in preparation for the future
needs of the Air Force.  Additional details on the simulations and results can be found in
Ref. 16.

SUMMARY

For the first time, an ultra-high vacuum compatible test stand for explosive
emission studies has been assembled and tested.  The variety of vacuum diagnostics and
diode diagnostics will shed new light on the fundamental physics of explosive emission.
The small total volume of the TCTF chamber (roughly equivalent to an HPM device
volume) will also allow for a series of precise vacuum effects and outgassing
measurements.  To complement residual gas analysis, spectroscopic capabilities are
present to analyze light emission from the diode region thereby providing atomic/ionic
species information.  Cathodes that show promising performance under the HPM-
relevant electric field and current densities probed by TCTF may then be scaled up for
testing on other devices under the higher total voltages and total currents required by
HPM sources.  Such cathodes may then be transitioned into providing the electron beam
for an operational HPM device.



7

REFERENCES

1. R. Prohaska and A. Fisher, “Field emission cathodes using commercial carbon
fibers,” Rev. Sci. Instrum. 53, 1092-1093, 1982.

2. R. J. Adler, G. F. Kiuttu, B. E. Simpkins, D. J. Sullivan, and D. E. Voss, “Improved
electron emission by use of a cloth fiber cathode,” Rev. Sci. Instrum. 56, 766-777,
1985.

3. E. Garate, R. D. McWilliams, D. E. Voss, A. L. Lovesee, K. J. Hendricks, T. A.
Spencer, M. C. Clark, and A. Fisher, “Novel cathode for field-emission
applications,” Rev. Sci. Instrum. 66, 2528-2532, 1995.

4. J. G. Kelly, S. A. Goldstein, D. W. Swain, “Influence of anode composition on the
electrical properties of relativistic electron-beam diodes,” J. Appl. Phys. 46, 4726-
4729, 1975.

5. N. R. Pereira and A. Fisher, “Slower impedance collapse with hot anode and
enhanced emission cathode,” IEEE Trans. on Plasma Sci. 27, 1169-1174, 1999.

6. M. S. Litz, D. Judy, G. Huttlin, and C. Lazard, “Gases evolved from the common cold
cathode,” Proc. SPIE Intense Microwave Pulses IV 2843, 90-95, 1996.

7. J. Benford, D. Price, and W. DeHope, “Lowered plasma velocity with cesium
iodide/carbon fiber cathodes at high electric fields,” 1998 IEEE Int. Conf. Plasma
Sci., Conf. Record – Abstr., 187, 1998.

8. H. Kosai and A. Fisher, “Long pulse CsI impregnated field emission cathodes,” Rev.
Sci. Instrum. 61, 1880-1882, 1990.

9. R. J. Umstattd, D. A. Shiffler, C. A. Baca, K. J. Hendricks, T. A. Spencer, and J. W.
Luginsland, “Design and implementation of a new UHV threshold cathode test
facility,” Proc. SPIE Intense Microwave Pulses VII 4031, 185-194, 2000.

10. D. A. Shiffler, M. J. LaCour, M. D. Sena, M. D. Mitchell, M. D. Haworth, K. J.
Hendricks, and T. A. Spencer, "Comparison of carbon fiber and cesium iodide
coated carbon fiber cathodes," IEEE Trans. On Plasma Sci. 28, 517-522, 2000.

11. D. A. Shiffler, M. J. LaCour, K. Golby, M. D. Sena, M. D. Mitchell, K. J. Hendricks,
and T. A. Spencer, "Comparison of velvet and cesium iodide coated carbon fiber
cathodes," IEEE Trans. On Plasma Sci. 29, 445-451, 2001.

12. D. A. Shiffler, M. Ruebush, M. J. LaCour, K. Golby, R. J. Umstattd, M. C. Clark, J.
W. Luginsland, D. Zagar, and M. D. Sena, "Emission uniformity and area of field
emission cathodes," Applied Physics Letters 79, 2871-2873, 2001.

13. D. A. Shiffler, M. Ruebush, D. Zagar, M. J. LaCour, M. D. Sena, K. Golby, M. D.
Haworth and R. J. Umstattd, "Cathode and anode plasmas in short-pulse
explosive field emission cathodes," Journal of Applied Physics 91, 5599-5603,
2002.

14. M. D. Haworth, J. W. Luginsland, and R. W. Lemke, "Evidence of a new pulse-
shortening mechanism in a load-limited MILO," IEEE Trans. on Plasma Sci. 28,
511-516, 2000.



8

15. M. D. Haworth, J. W. Luginsland, and R. W. Lemke, "Improved cathode design for
long-pulse MILO operation," IEEE Trans. on Plasma Sci. 29, 388-392, 2001.

16. R. J. Umstattd and J. W. Luginsland, “Two-dimensional space charge-limited
emission: beam edge characteristics and applications,” Phys. Rev. Lett. 87,
145002, 2001.



9

DISTRIBUTION LIST
DIDTIC/OCP
8725 John J. Kingman Rd, Suite 0944
Ft Belvoir, VA 22060-6218 1 cy

AFRL/VSIL
Kirtland AFB, NM 87117-5776 1 cy

AFRL/VSIH
Kirtland AFB, NM 87117-5776 1 cy

Official Record Copy
Dr. Thomas A. Spencer
AFRL/DEHP
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 4 cys

Dr. Thomas Hussey
AFRL/DEH
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1 cy

Dr. Mike Haworth
AFRL/DEHP
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1 cy

Ryan Umstattd, Capt., USAF
Assistant Professor
Physics and Information Systems
Naval Postgraduate School
833 Dyer Rd, Bldg 232, Rm 203
Monterey, CA  93943 1 cy

Dr. John Luginsland
SAIC
3465 Box Hill Corporate Center Drive
Abingdon, MD 21009 1 cy

Dr. Don Shiffler
AFRL/DEHP
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1 cy

Lt. Col. Wayne Brasure
AFRL/DEHA
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1cy

Dr. Wallace Clark, III
AFRL/DEHA
3550 Aberdeen Ave, SE

Kirtland AFB, NM 87117-5776 1cy

Lt. Jeff Heggemeier
AFRL/DEHP
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1cy

Dr. Kyle Hendricks
AFRL/DEHP
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1cy

Mr. William Prather
AFRL/DEHP
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1cy

Professor Ronald Gilgenbach
Nuclear Engineering and Radiological Sciences
Dept
University of Michigan
Cooley Building
2355 Bonisteel Blvd
Ann Arbor, MI 48109-2104 1cy

Dr. Arje Nachman
AFOSR/NM
4015 Wilson Boulevard
Arlington VA 22203-1954 1cy

Dr. Robert Barker
AFOSR/NE
4015 Wilson Boulevard, Rm 713
Arlington VA 22203-1954 1cy

Dr. Diana Loree
AFRL/DEHA
3550 Aberdeen Ave, SE
Kirtland AFB, NM 87117-5776 1cy

Mr. Wayne Sommars
SAIC, Space and Directed Energy Tech Dev.
2109 Air Park Rd, SE
Albuquerque, NM 87106                                1cy



10


